Mitochondrial permeability transition (MPT), which contributes substantially to the regulation of normal mitochondrial metabolism, also plays a crucial role in the initiation of the cell death. It is known that MPT is regulated in a tissue-specific manner. The importance of MPT in the pancreatic β-cell is heightened by the fact that mitochondrial bioenergetics serves as the main glucose-sensing regulator and energy source for insulin secretion. In the present study, using MIN6 and INS-1 β-cells, we revealed that both Ca 
SUMMARY
Mitochondrial permeability transition (MPT), which contributes substantially to the regulation of normal mitochondrial metabolism, also plays a crucial role in the initiation of the cell death. It is known that MPT is regulated in a tissue-specific manner. The importance of MPT in the pancreatic β-cell is heightened by the fact that mitochondrial bioenergetics serves as the main glucose-sensing regulator and energy source for insulin secretion. In the present study, using MIN6 and INS-1 β-cells, we revealed that both Ca
2+
-phosphate-and oxidant-induced MPT is remarkably different from other tissues. Ca 2+ -phosphate -induced transition is accompanied by a decline in mitochondrial ROS production related to a significant potential-dependence of ROS formation in β-cell mitochondria. Hydroperoxides, which are indirect MPT co-inducers active in liver and heart mitochondria, are inefficient in β-cell mitochondria, due to the low mitochondrial ability to metabolize them. Direct cross-linking of mitochondrial thiols in pancreatic β-cells induces the opening of a low conductance ion permeability of the mitochondrial membrane instead of the full scale MPT opening typical for liver mitochondria. Low conductance MPT is independent of both endogenous and exogenous Ca 2+ , suggesting a novel type of non-classical MPT in β-cells. It results in the conversion of electrical transmembrane potential into ∆pH instead of a decrease in total protonmotive force, thus mitochondrial respiration remains in a controlled state. Both Ca
INTRODUCTION
Mitochondrial permeability transition (MPT) is a permeability increase of the inner mitochondrial membrane to solutes of molecular mass up to ~ 1500 Da, caused by an opening of specific non-selective proteinaceous pores in the inner mitochondrial membrane (1, 2) . Increased permeability of the inner membrane is initiated by an increased level of intramitochondrial Ca 2+ and regulated by multiple effectors, including inorganic phosphate, the redox state of pyridine glucose and other secretagogues, and has been used extensively in studies of β-cell metabolism (18) (19) (20) . Key findings were verified using another widely used rat β-cell line, INS-1 (21).
We demonstrate that mitochondria from both MIN6 and INS-1 cells exhibited novel MPT characteristics: i) Ca 2+ -phosphate induced MPT is associated with reduced (instead of enhanced) mitochondrial ROS formation; ii) initiation of MPT with hydroperoxides does not happen in intact β-cell mitochondria but requires exogenous glutathione peroxidase mimetic activity; iii) non classical MPT, caused by thiol cross-linking, is entirely independent of mitochondrial Ca 2+ and causes the interconversion of electrical and chemical components of the mitochondrial protonmotive force. The role of inorganic phosphate (P i ) in MPT in the β-cell is of particular interest, as the stimulation of insulin secretion is associated with significant drop in the P i level ("phosphate flush").
Here we demonstrate that inorganic phosphate in the physiological range enhances the effect of Ca 2+ on the M PT, while suppressing the effects of thiol oxidants. This supports a potential link between insulin-secretory activity and Ca
2+
-and oxidant-induced MPT in the β-cell.
EXPERIMENTAL PROCEDURES
Reagents: Clonal pancreatic β-cells MIN6 (a gift from Dr. S. Seino, Chiba University), and INS-1 (a gift from Dr. C. Wollheim, University Medical Center, Geneva, passage number)
were used in this study. Ca-Green 5N and Amplex Red were purchased from Molecular Probes (Eugene, OR) and all other chemicals were obtained from Sigma-Aldrich (St.Louis, MO).
Growth and permeabilization of cells: MIN6 cells were cultured in Dulbecco's
Modified Eagle's Medium (DMEM) containing 25 mM glucose and supplemented with 10% fetal bovine serum (FBS), 1 mM pyruvate, 100 U/ml penicillin and 100 µg/ml streptomycin. For INS-1 cells RPMI-1640 medium supplemented with 10% FBS, 10 mM HEPES, 2 mM glutamine, 1 mM pyruvate, 0.05 mM β-mercaptoethanol, 100 U/ml penicillin and 100 µg/ml streptomycin was used. After 4 -6 day of growth, with daily medium change, trypsinized cells were washed in Ca
2+
-free Krebs-Ringer buffer (KRB buffer, 120 mM NaCl, 1.0 mM MgCl 2 , 24 mM NaHCO 3 , and 10 mM HEPES, pH 7.3) and permeabilized essentially as described Civelek et al. (22) . Briefly, approximately 2x10 7 cells were suspended in 0.7 ml KRB buffer containing 80µg/ml saponin. After incubation at room temperature for 5 min, the cells were centrifuged succinate, 5/5mM glutamate/ malate were used as respiratory substrates. Oxygen kinetic traces were treated as described by Estabrook (23) and respiration rates were converted into molar oxygen units using O 2 solubility in sucrose medium, as reported by Reynafarje et al (24) .
Mitochondrial membrane potential monitoring: Mitchondrial membrane potential was monitored by observing safranin O fluorescence (25, 26) in suspensions of permeabilized cells.
Measurements were performed using a FluoroCount plate reader (Packard Instrument Company, Meriden, CT) at excitation/emission wavelengths of 530/590 nm. A decrease in fluorescence corresponded to an increase in mitochondrial membrane potential. Incubation medium for permeabilized cells was essentially identical to that used for respiratory assays but was further supplemented with 2.5 µM safranin.
NAD(P)H assay and intramitochondrial pH measurement:
The extent of mitochondrial NAD(P)H reduction in permeabilized cells was estimated by fluorescence at excitation/emission wavelengths of 360/460 nm according to (27) . To estimate dynamics of intramitochondrial pH permeabilized cells were loaded with BCECF-AM essentially as described in (28) .
Epifluorescent imaging of individual BCECF-loaded cells was performed using an Olympus IX70 inverted epifluorescence microscope with a 40x oil immersion objective, in combination with an Ultrapix camera and a PC computer with Merlin imaging software (LSR Inc., UK).
BCECF fluorescence from the cell suspension was monitored with a FluoroCount plate reader at excitation/emission wavelengths of 490/530 nm.
Fluorometric determination of reactive oxygen species and cytochrome c assay. ROS production was assayed as hydrogen peroxide formation by monitoring fluorescein or Amplex
Red oxidation in the presence of horseradish peroxidase (29, 30 Statistical analysis. Data were analyzed using an unpaired two-tailed Student's t test.
Statistical significance was assumed at p < 0.05. Fig. 2A) , which was the first MPT co-inducer described (3).
RESULTS

Calcium
Because of the fundamental importance of P i in MPT regulation, it is of interest that initiation and cessation of insulin secretion in β-cells is accompanied by the decrease and restoration, respectively, of the cellular P i concentration (36) (37) (38) (39) (40) . This so-called "phosphate flush" amounts to 40-50% of the initial cytosolic P i level (2-4 mM) (39, 41) . Therefore we investigated the concentration range in which P i regulates MPT in β-cell mitochondria in greater detail.
Sustained activation of mitochondrial respiration with Ca with t-butyl hydroperoxide react to 10 µM ebselen with significant depolarization (Fig.5) . The protective effect of 2 mM reduced glutathione confirms that ebselen operates in a glutathione peroxidase mimic way and substitutes for low endogenous glutathione peroxidase in the initiation of mitochondrial damage.
To further investigate the effects of hydroperoxides on β-cell mitochondrial performance we measured the respiratory control ratio (uncoupled respiration rate/state 4 respiration rate) in permeabilized MIN6 cells preincubated with t-butylhydroperoxide. In contrast to liver (61), β-cell mitochondria did not show a significant decrease in respiratory control after a 10 min preincubation with 2 mM t-butylhydroperoxide (respiratory control ratio was 4.54±0.62 and 4.26±0.26 in control and hydroperoxide-treated cells, respectively, n = 3, p > 0.05). Apparent mitochondrial resistance to t-butylhydroperoxide distinguishes the β-cell from other cell types, and appears to contradict the known sensitivity of β-cells to oxidative stress (62) . We speculated that the effect of hydroperoxides on β-cell mitochondria could be mediated by r eactions of hydroperoxides in the cytosol. Hence we took NAD(P)H oxidation as an early sign of mitochondrial oxidative injury (59) and compared its occurrence in response to tbutylhydroperoxide in two systems. The first was permeabilized ΜΙΝ6 cells devoid of the majority of cytosolic components. The second, was obtained by direct cell permeabilization in the assay mixture so that it retained all cytosolic constituents. t-Butylhydroperoxide (0.2mM) did not affect NAD(P)H levels in the first system but caused significant NAD(P)H oxidation in cellular preparations containing cytosol (data not shown).
MPT induced by thiol-cross-linking agents. Unlike hydroperoxides, thiol cross-linkers induce
MPT by a direct interaction with critical mitochondrial thiols (3, 4) . In this study the most widely used thiol cross-linker, phenylarsine oxide (PhArs), added to β-cells loaded with 20 µM Ca 2+ caused mitochondrial depolarization (Fig. 6, A) . However, in β-cell mitochondria, distinct from liver organelles (63), this was not accompanied by an acceleration in respiration (Fig. 6, B) .
Furthermore, in contrast to liver mitochondria (64), PhArs-induced depolarization of β-cell mitochondria was insensitive to cyclosporin A concentrations which were able to prevent or revert Ca
2+
-phosphate-induced mitochondrial permeabilization in β-cells, as well as to bongkrekic acid, which binds to the adenine nucleotide translocase and prevents Ca (Fig. 6 ). This observation discriminates β-cell mitochondria from the liver organelles which respond to similar PhArs concentrations with a significant acceleration in mitochondrial respiration (63) . Moreover, this observation is opposing to the typical pattern of classical uncoupling, where a significant initial increase in respiration occurs with only a slight decrease in membrane potential (65, 66) . This type of behavior suggests that upon thiol reagent application the total protonmotive force controlling respiration rate remains unchanged and, in fact, the apparent depolarization is the conversion of electrical potential into pH gradient. Indeed, this view is confirmed by the fact that addition of potassium/proton exchanger nigericin to β-cell mitochondria first depolarized by PhArs or diamide, causes restoration of membrane potential (Fig. 7, panel A) . (Fig.8, panel B) , thus confirming PhArs-induced ∆Ψ− ∆pH interconversions. Thus, the ability of the mitochondrial membrane to maintain a high potential gradient after treatment with thiol agents and nigericin suggests that it remains stringent to protons and the permeability pathway induced by these agents is the opening of the potassium-permeable pores rather than loosening of the membrane bilayer structure. In addition, mitochondrial depolarization induced by thiol cross-linking could be reverted at initial steps by the addition of a nearly stoichiometric amount of dithiol 2,3-dimercaptopropanol ( MPT and insulin secretion. The potential importance of basal MPT activity in β-cells for insulin secretion was deduced from the suppression of insulin secretion in mouse β-cells caused by the MPT inhibitor cyclosporin A, which was shown to be related to the mitochondrial effects of cyclosporin (17) . Our data showing the inhibitor effect of cyclosporin A on glucosestimulated insulin secretion in MIN6 cells confirms this observation (Fig. 9 ). The main superoxide producing centers in the mitochondrial respiratory chain are located in respiratory complexes I and III (50). Superoxide generated by complex I is considered the most physiologically relevant, since it takes place in the absence of artificial effectors (49,51).
DISCUSSION
Importantly, we have found that complex I plays a significant role in superoxide formation in (Fig. 2) show that cytochrome c loss is not sufficient to inhibit respiration, thus this potential mechanism of ROS-activation does not come into play here. An additional factor which is beyond the scope of our experimental model is the possible elevation of the mitochondrial level of fatty acids (arachidonic acid) caused by increased Ca 2+ load and which is a ble to activate ROS production (69) . Thus, because of the predominantly potentialdependent mechanism of ROS formation in β-cell mitochondria, development of Ca (76) . The non classical MPT pore is frequently considered to be either a substate of the classical MPT pore or an entirely different structure (6) . We believe that MPT induced in β-cells by thiol cross-linking is more likely to be structurally different from classical MPT because of: i) its insensitivity to cyclosporine A, suggesting that cyclophylin is not a component of this mechanism ii) the lack of a protective effect of low concentrations of NEM (protecting against classical MPT in the same cells) suggesting that this transition is regulated by the set of vicinal thiols completely different from the one regulating classical MPT; iii)
independence from Ca 2+ and insensitivity to bongkrekic acid argue against the involvement of the adenine nucleotide translocase which has an essential requirement for Ca 2+ for transformation into nonspecific channel (77) . This kind of transition could be realized by the opening of a non-specific cationic channel of low conductance. So far non-specific cationic permeability was observed in liver and heart mitochondria only after Mg 2+ exhaustion (2). Since mitochondrial ion channels often share some properties with plasma membrane channels (78) it is of interest that a non-selective redox-regulated cationic channel was found in the plasma membrane of rat clonal insulin-secreting cell line CRI-G1 (79) . As well, the existence of ion channels regulated by the redox state of thiol groups, reported in other tissues (76) , suggests that this novel Ca
2+
-independent MPT in β-cells could be a manifestation of such a channel.
The physiological role for MPT in the β-cell physiology can in part be realized through the effects of inorganic phosphate. This anion is potent regulator of both Ca -induced MPT is highly sensitive to phosphate (Fig.   3 ). The present study provides further evidence on the physiological significance of "phosphate flush" in β-cells. Since phosphate complexes free Ca 2+ (65) the decrease in the cytosolic phosphate level accompanying the stimulation of insulin secretion was considered to be a contributor to the elevation of cytosolic free Ca 2+ which trigers insulin exocytosis (37) . Our data suggests an additional physiological function for this phenomenon. In addition to the stimulation of insulin exocytosis, the increase in cytosolic Ca 2+ can raise the mitochondrial Ca 2+ concentration, resulting in MPT opening (flickering), which compromises mitochondrial ATP synthesis in the course of insulin secretion. Therefore "phosphate flush", diminishing the cellular level of MPT co-inducer P i, can counteract the effect of increased Ca 2+ and keep MPT activity low during insulin secretion. Conversely, the higher level of P i in the resting β-cell makes mitochondria more prone to Ca
-induced MPT, which may also have physiological significance. In the basal state, the β-cell tends to hyperpolarize mitochondria, which can lead to enhanced ROS production (65) . Since MPT c an lead to "mild uncoupling", preventing mitochondrial hyperpolarization and excessive ROS formation (13) , increased levels of the MPT co-inducer, P i , in the resting β-cell, can protect it from oxidative stress. In contrast, mitochondrial depolarization in the β-cell caused by thiol oxidation is activated at lowered phosphate level. Since "phosphate flush" reduces cytosolic P i by ~50% it can reach levels where the mitochondrial effects of thiol oxidants become significant. Therefore one can expect that mitochondria in β-cells actively secreting insulin are more sensitive to oxidative stress than in resting cells. Taking into account feed-back mechanisms and a variety of possible metabolic effects of different kinds of MPT, the scheme in Figure 10 illustrates possible relationships between beta cell stimulus-secretion coupling and MPT.
In summary, β-cell mitochondria, in addition to classical Ca 
